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1988.-An electronic device is described for the measurement of relative changes in segment length within the aortic valve ring during the cardiac cycle. The technique is based on the principle of magnetic induction. A magnetic field generated in one coil induces a voltage in another coil. From the amplitude of this voltage the strain between both coils can be determined because the strength of the magnetic field decreases with distance. In vitro, over a range of 5-25 mm, strains 5 0.20 strain units can be measured with an accuracy of 0.008 strain units. The frequency response is O-150 Hz (-3 dB). By varying the generator and receiver assignment at a frequency of 2 kHz and multiplexing the signals of six coils, six strains can be measured simultaneously.
As an example, simultaneous recordings of commissure strains in the aortic valve and left ventricular and ascending aortic pressures, as obtained in open-chest dogs, are shown.
strain; electromagnetic induction IN CALCULATING
STRESSES intheleaflets ofthe natural aortic valve, changes in the three-dimensional geometry of the aortic valve ring (defined as the anchorage of the leaflets at the aortic wall) during the cardiac cycle have to be known. This geometry can be assessed by measuring the instantaneous changes in mutual distances between the commissure points, between the base points, as well as the distances between commissure and base points (Fig. 1) . In the literature, a variety of techniques has been described that can be used for this purpose. First, these distances have been determined in two-dimensional angiographic projections of the aortic valve with the use of small radiopaque markers (5, [19] [20] [21] [22] , blood made opaque (13, 14, 23) , or by covering the valve tissue with a radiopaque medium (10). Second, echocardiographic techniques, such as M-mode echocardiography (1, 2, 17) and two-dimensional echocardiography (9, 15) , have been applied to record movements of parts of the aortic wall. Third, the valve can be visualized optically by means of a fiberscope (4, 6, 8, 11, 16, 26, 27). Finally, in principle pulse transit-time sonomicrometry may be used. In this technique the delay time of a sound pulse transmitted by one transducer and received by another one is recorded as a measure of the distance between the transducers (19, 28) . A common disadvantage of echocardiography and X-ray and optical visualization techniques is that spatial distances have to be computed offline from two-dimensional projections. Moreover, these techniques are susceptible to changes in the mutual position and orientation of the aortic valve and the registration device. Spatial distances may be measured directly and real time with pulse transit-time sonomicrometry. However, because of the relatively large dimensions of the ultrasound crystals, this technique is less suitable for application in the dog aortic valve ring.
Because of the limitations of the above-mentioned methods, an alternative technique has been developed to measure in real-time changes in the geometry of the aortic valve ring during the cardiac cycle (24, 25). The method is based on the induction principle. Changes in the mutual inductance between two coils correspond to changes in the mutual position of these coils (3, 12, 18) .
With this technique, natural strain can be measured directly with a high-frequency response. The coils can be miniaturized so that the technique can be applied to the aortic valve. This paper describes the principle, the in vitro evaluation, and the in vivo application of the technique.
DESCRIPTION
OF THE SYSTEM Principle. The inductive technique is based on the detection of changes in the mutual induction between two identical coils, as caused by changes in the mutual position of these coils. In the transmitter coil (TC in Fig. 2) a sinusoidal current with amplitude j and frequency f = o/&r, generates a magnetic field that is axisymmetric with respect to the coil axis. The receiver coil is located at a point (P). Here the amplitude and the direction of the magnetic field B are given by (7, p. 241) 1 . A: location of transducer coils in the aortic root. I?: strain can be measured between commissure points (l--3), between base points (4--Q, and between base and commissure points (7-12).
C 0 = kj-hw,
where d is the distance between P and TC, 8 is the angle between the magnetic field vector and the line connecting the center of TC with P, k is the number of turns on the transmitter coil, j is the amplitude of the current through the turns on TC, A is the surface area of one turn on the coil, and pop, is the magnetic permeability of the medium. (Fig. 3) . The leads of a coil are connected to two flexible wires (length, 250 mm; OD, 0.25 mm) that are twisted to reduce magnetic interference to a minimum. These wires are connected to a shielded two-pole plug. To permit stable mounting of the coil to the valve tissue, on one side the core of the coil ends in a disk with a diameter of 3.0 mm. This mounting disk contains two holes for suturing the coil to the wall of the valve. The whole coil is cast in epoxy resin. The total height of the coil is -1.3 mm, whereas its weight is -12 mg.
To measure six strains in the aortic ring simultaneously, two identical electronic systems are used. Each system measures three strains by means of three coils. The two systems operate at different magnetic field frequencies (70 and 99 kHz, respectively) to prevent crosstalk.
Simultaneous measurement of three strains with the use of three coils is performed by multiplexing the strain signals with a period of 0.8 ms and a repetition frequency of -416 Hz (Fig. 4) . The electronic circuitry of the multiplexing system is presented diagrammatically in Fig. 4 . During a period of 0.8 ms the current source (140 mA, 99 or 70 kHz), generating the magnetic field, is connected to one of the three coils. Each coil is permanently connected to its corresponding receiving circuit. However, during each period of 0.8 ms only one receiver is activated by voltage control of the amplifier. imately 0.7 ms after onset of activation of the receiver a sample is taken from the output signal of the logarithmic amplifier of the receiver and stored during the next 2.4 ms, using a sample-and-hold circuit. The small voltage induced in a receiver coil (-0.5 mV) is converted to a strain signal in the following way. The voltage passes a high-frequency transformer (T) and is amplified by a voltage controlled amplifier (gain 40-90 dB). Then the signal is band-pass filtered (101.5-96.5 kHz or 68.3-71.7 kHz, f -3 dB) to reduce the noise. Next the signal is high pass filtered (10 kHz, f -3 dB) to suppress switching artifacts in the amplifier section. The signal is rectified, filtered by a first-order low-pass filter (10 kHz, f -3 dB), and fed into a logarithmic amplifier, which delivers a signal proportional to the natural logarithm of the amplitude of the induced voltage and, therefore, to natural strain. The sample-and-hold amplifier and the following low-pass filter (150 Hz, f -3 dB) are needed to hold the voltage at the output during multiplexing to other channels. The multiplexers and the repeated activation of the receivers are controlled by a device in which an oscillator (1,250 Hz) drives a code generator. This code generator delivers three different consecutive codes with a repetition frequency of 1,250/3 = 416 Hz. The codes control the multiplexers and receiver amplifiers of each coil. The control program can be changed by thumb-wheel switches.
In vitro calibration and specification. First a singlechannel transmitter-receiver combination, without multiplexing system, was tested in vitro with respect to linearity, frequency response, and stability. The experimental setup is shown schematically in Fig. 5 . The transmitter coil was placed on a mechanical vibrator (Ling 201, Ling TP 021) that allows sinusodial displacement of the transmitter coil along its axis with an amplitude of 0.8 mm over a frequency range of 0 < f < 150 Hz. The position of the transmitter coil could be determined by a capacitive distance measuring system (Boersma CVM VI, inaccuracy < 0.002 mm). mm. Care was taken to align the axes, and the coils were mounted on magnetically inert synthetic material to prevent disturbance of the magnetic field.
The linearity of the strain measurement system was tested by changing the distance between the coils (by translation of the carriage) and recording the output voltage of the receiver. Figure 6 shows the results. In a strain range of to.20 around dreG the maximum deviation of the strain measurement due to nonlinearity is 0.006 when the dref is between 5 and 25 mm. The inaccuracy increases to 0.009 if strain is in the range of t0.30. The zero drift of the inductive measuring system was determined over a period of 4 h and in terms of natural strain proved to be ~0.006.
To determine the frequency response of the measuring system the coils were placed 7.7 mm apart (d,,J. The transmitter coil was vibrating sinusoidally with an amplitude of 0.8 mm. The signals of both the capacitive and inductive displacement measuring system were recorded on a dual-channel memory oscilloscope (Tektronix TM7313). The frequency response of the transmitterreceiver combination was found to be linear within 0.5 dB over a frequency range 0 < f < 150 Hz. Similar results were obtained in a beaker with whole blood.
In the same calibration setup the performance of the sixfold multiplexing strain-measuring system was tested. The specifications appeared to be unchanged, except that the maximum absolute inaccuracy due to nonlinearity increased to 0.008 in a strain range of to.20 around a reference distance between 5 and 25 mm. This difference may be caused by both an increase in noise level in the output signal due to the increased bandwidth of the band pass filter used and the application of sample-and-hold circuits.
In uiuo application. The in vivo applicability of the system developed to measure strains in the aortic ring was demonstrated in open-chest dog experiments. The animals were premeditated with Hypnorm (1 ml/kg body weight im, 1 ml Hypnorm contains 10 mg fluanisone and 0.315 mg fentanylcitrate).
Anesthesia was induced by pentobarbital sodium (10 mg/kg iv). After endotracheal intubation anesthesia was maintained by nitrous oxide in oxygen combined with a continuous infusion of pentobarbital sodium (2 ml o kg-'. h-l iv). Left ventricular and aortic pressures
were measured with catheter-tip micromanometers (Millar) . By means of a cardiopulmonary bypass technique, coils were mounted on the commissure and base points (24). After stabilization of the hemodynamics, the strains between the three commissure points and the three base points as well as the pressures were simultaneously measured in the still anesthetized open-chest dog and registered on an instrumentation recorder.
An example of a simultaneous recording of aortic pressure, left ventricular pressure, and the three strains between the commissure points is presented in Fig. 7 . The commissure strain appeared to follow the aortic pressure, and the strain variations were on the order of 0.1. In the related preliminary experiments, during the ejection phase the distances between the commissure points increased between 5 and 12%. The distance between the base points below the posterior sinus of Valsalva (segment 4 in Fig. 1 ) increased similarly, but the distances between the base points below the other two sinuses of Valsalva decreased, generally <3%, probably because these segments are close to the muscular wall of the left ventricle. The distance between the base points and commissure points changed ~6%.
DISCUSSION
The inductive system for measuring strain in the aortic ring during the cardiac cycle, as described, is sensitive and stable, whereas the output signal of the system is a linear function of natural strain.
The influence of tilting of coils on the measurement of strain is limited. Let us assume that the configuration of the system of coils attached to the commissures is described by three coils facing the central axis of a cylinder, representing the aortic tract. The mutual angle between the coils is 120". Thus the angle 0 in Fig. 2 is 30". With the use of Eq. 2, the angle between the magnetic field induced and the axis of a receiver coil is calculated to be 8 -arctan (0.5 tan 0) = 14". In this situation tilting of the coil by 6" in the plane of the commissures causes a 0.01 strain-unit change of measured strain The effect of tilting in the plane of the axis of the aorta is much less. Then 14" of tilting is needed to generate the same error of 0.01 strain unit. An analogous situation holds for the basal points. Measurement of strain along a segment from base to commissure is more sensitive to tilting; 3" of tilting along the circumference is associated with an error of 0.01 strain unit. However, when the average of two neighboring axial strain-measuring segments point to the same coil (e.g., segments 7 and 8 in Fig. 1B) is taken, the error is largely canceled. Then 14" of tilting, irrespective of the direction, is needed to cause an error of 0.01 strain unit. In the in vivo situation the flat side of the transducer coils is attached to the aortic valvular wall. So, angulation of the wall is reflected by the coils. During a cardiac cycle, strains are found to be CO.15 strain units. In a worstcase situation, the difference between basal and commissural strains may be 0.15 strain units. Then the wall of the aortic valve tilts by an angle of 0.15 rad times radius/ axial distance, which is ~6". So this kind of tilting causes a maximal error of 0.002 strain units. When a three-lobal geometry of the valve is assumed, circumferential tilting does not occur. However, when in a worst case, strain of one 120" segment deviates by 10% from the other two, the angle of the magnetic field with the receiver coil changes by <2", which is associated with an error of 0.003 strain units. When independency of tilting of the coils is assumed, inaccuracies of strain measurements along each segment are exnected to be less than the square root of the sum of variances, which is estimated to be 0.005 strain units.
The electronic design of the system permits the simultaneous measurement of up to six strains with the use of six coils. In vitro, the maximum deviation of the strain measurement because of nonlinearity is CO.006, when the strain is in the range of kO.20, and the distance between the coils varies between 5 and 25 mm. The frequency response of the measuring system is 150 Hz (-3 dB). The frequency response of the measuring system is not limited by an image sample frequency. When an X-ray technique is combined with video (20), the maximum frequency is limited to 30 Hz, which is significantly lower than the inductive system. To overcome the disadvantage of pulse transit-time sonomicrometry, where the relatively large dimensions of the ultrasound crystals may influence the normal geometric behavior of the aortic valve ring, the coils employed are tiny and light (12 mg). A disadvantage of miniaturization is that the number of turns on the coil and the surface area of one turn are small. This limits the magnetic field strength and, hence, the amplitude of the voltage induced and consequently the distance over which strain can be measured. To obtain a reasonable number of turns the thinnest coil wire that could be handled was used (0.03 mm). Because the voltage induced is proportional to the frequency of the magnetic field, the frequency used should be high. A frequency of 100 kHz appears to be appropriate. At higher frequencies crosstalk becomes an increasing problem. Even so, the magnetic field strength is proportional to the current through the transmitter coil. Since the current through the coils generates heat, the maximum current is limited. A dissipation of -0.15 mW, corresponding to a maximum continuous current of 80 mA, was found to be acceptable. However, when the strain signals are multiplexed, dissipation takes place during one-third of the measuring time. Then the current can be doubled.
The developed measuring system allows the measurement of strain over a distance between the coils of 5 mm < d < 25 mm. This range is sufficient for the measurement of strains in the canine aortic valve ring. For distances <5 mm the dimensions of the coils become a problem. Then the field induced by the transmitter coil is not sufficiently homogeneous within the volume of the receiver coil. Moreover, at a distance on the order of the diameter of the transmitter coil (1 mm) the magnetic field is no longer a dipole field (7). At distances >25 mm the signal-to-noise ratio of the induced voltage becomes too small to measure strain accurately. In this situation the magnetic field strength has to be increased, for example, by increasing the dimensions of the coils.
In conclusion, strain variations within the aortic valve ring during the cardiac cycle may be measured by a system of inductive coils. With the use of multiplexing techniques, six segment lengths may be measured simultaneously with an accuracy of to.008 strain units and a frequency response of O-150 Hz (-3 dB). When the flat sides of the coils fit the wall of the aortic valve closely, possible errors due to tilting of the coils remain below the level of 0.01 strain unit. Simultaneous measurement
